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Introduction
A common way of describing solvation effects to biomolecular structure is to treat the solvent as a continuum of characteristic dielectric constant. The biomolecule of interest, i.e. a protein, DNA, RNA, glycolipid, etc. is considered in full atomic detail, while the surrounding medium is represented as structureless continuum interacting primarily via polarization, dispersion, repulsion and cavitation effects (1, 2, 3, 4, 5) . The underlying physics concerned with polarization is then often expressed in terms of solutions to the Poisson-Boltzmann equation (PB) (6, 7, 8, 9, 10, 11, 12, 13) . Approximations to the PB -motivated by simplified computational protocols -are standard practice e.g. the Generalized Born model (GB) (14, 15) . However, PB and GB are dealing with the polarization term only, and the other above mentioned interactions are usually treated by either first-principle (16) or semiempirical (17) character.
Solutions to the PB are computed either by the finite difference method (FDPB) (6, 7, 8, 9) or by the boundary element method (PB/BEM) (12, 13) . The latter is particularly intriguing since it reduces a three-dimensional integral over the entire volume to a twodimensional surface integral, leading to considerable savings in computational time. Both approaches depend fundamentally on the exact definition of the boundary between solute and solvent. All definitions are based on the area of the atoms exposed to the solvent, for instance the solvent accessible surface area (SASA), the solvent excluded volume, or the molecular surface (18) , which all depend on a chosen set of van der Waals radii (19, 20, 21, 22) assigned to the center of the atoms.
Given the dependence on the exact geometry and quality of the boundary it appears necessary to study the geometric factors that influence the outcome of PB calculations in greater detail. This is particularly appropriate for semi-quantitative approaches (23) where the demand on accuracy is a very sensitive issue (24) . Particular attention has to be drawn to factors such as i) surface type and surface resolution, ii) dependence on atomic model parameters, i.e. van der Waals radii, iii) generality and physicochemical significance. In this 3 present work we provide such an analysis by focussing on each of these three points separately.
At first, we employ different surface generation algorithms to a subset of randomly chosen protein structures of variable size and shape. PB/BEM calculations are carried out with increasing resolution of the boundary. Optimal surface resolution and surface generation parameters that guarantee numerical convergence and methodic stability are derived. Next, we use these optimized parameters for a set of model peptides and vary the van der Waals radii in a systematic way. The reference set of model peptides is considered at a high level of quantum chemical theory, i.e. PCM (3) using the Becke-98 density functional (25) and the basis set of Sadlej (26) . The aim of this second step is to identify optimal van der Waals radii within the PB/BEM approach that will lead to boundaries and solute geometries of similar size and shape as those used in the high-level PCM calculations. Finally, with the optimized parameters determined in the initial two stages we compute actual PB/BEM polarization energies in order to obtain a close match with the quantum chemical results obtained from the reference set.
Methods

Sample Selection, Preparation and Set Up of Structures and Computation of Molecular Surfaces with Different Programs
A set of different protein structures is randomly selected from the Protein Data Bank (27) .
The actual download site used is the repository PDB-REPRDB (28) . Default options are applied with the following exceptions: i) Number of residues less than 40 excluded AMBER non-bonded parameters (33), i.e. charges and van der Waals radii are assigned to all the atoms in the protein structures. In this first part of the study, the vdW-radii are increased by a factor of 1.12 and atomic partial charges are scaled down by another factor of 0.9 (34).
The MSROLL program is used with varying choices of the fineness value (the -f command line argument) which defines the resolution of the surface. With smaller values the resolution of the surface becomes better but computational cost will increase. The probe radius (the -p command line argument) is set to 1.5Å. Analytically calculated SASA and molecular volumes are recorded, and the data file containing triangulation details is translated into a human readable format, and critical items (for example almost coinciding triangles) removed.
The SIMS program is used with identical arguments to those employed in MSROLL.
Similarly, varying the resolution of the surface triangulation into small sized triangles means adjusting the dot-density parameter in SIMS. Higher values for this parameter will yield higher surface resolutions but also increase the computational demand. We record the number of BE, number of iterations, SASA and volume for comparison. AMBER van der Waals radii and partial charges (33) are applied. Using our own tool chain for the assignment allows us to conveniently scale these data, as well as to write out in the same instance the corresponding parameter files required by the molecular surface programs.
Computation of Polarization Free Energies, ∆G
Density Functional Theory Calculations Including the Polarizable Continuum Model on a Reference Set of Dipeptides
The most prominent combinations of peptidic Φ, Ψ-angles ( Each of these reference structures is subjected to PCM (3) calculations at the Becke-98 (25) level of density functional theory (DFT) using the high-quality basis set of Sadlej (26) within the Gaussian-03 suite of programs (38) . Geometric properties, i.e. the molecular volume and the molecular surface area, as well as polarization free energies are extracted from the reference calculations and used as a base line when comparing to PB/BEM data.
The computational demand of these reference calculations is significant. For example, WW-conformations require on the order of 6 weeks (and beyond) single-processor time on modern computing architectures. We start with PB/BEMA calculations for a set of protein structures (PDB codes summarized in Table I ). The boundary discretization is achieved with two independent programs, MSROLL (18) and SIMS (29) . Boundary resolution into BEs is steadily increased with either program and independent PB/BEM results are computed for each particular boundary decomposition. A typical plot of the trend of ∆G P ol as a function of number of BEs is shown in Figure 1 for the protein structure with PDB code 1C5E. Similar plots for the other examples in Table I (Surf
where j runs over the conformations and i over the different types of homodipeptides, i.e.
GG, AA, VV, etc. The parameter α refers to a specific scaling factor used when constructing the boundaries within the PB/BEM approach. In particular this scaling makes the van der Waals radii larger or smaller by a certain fraction. The AMBER default set of van der Waals radii is used (33) . A similar criterion is used for comparing molecular volumes,
and the dependence on the scaling factor α is shown in Figures 2 and 3 
Stage III: Charge Scaling is Not Required
Using the optimized parameters obtained in the previous two stages leads us to the final step of directly comparing polarization free energies ∆G P ol computed within the PB/BEM approximation and at the PCM level of theory. The idea is to identify another uniform scaling factor β which applied to the AMBER default charges would result in an optimal match to the reference polarization free energies. Thus another deviation criterion is introduced,
that allows to identify the optimal value of β. The dependence of the PB/BEM polarization free energies on the charge scaling factor β is shown in Figure 4 . The trend shown in Figure   4 suggests an optimal value of β very close to 1.0, hence no charge scaling is required. This result i) emphasizes the broad applicability of AMBER partial charges and ii) circumvents conceptual difficulties that would arise when charges had to be scaled, i.e. modified net charges in proteins, non-neutral forms, etc. A detailed analysis with respect to the magnitude of the average deviation of each particular type of dipeptide studied is shown in Table IV .
Discussion
Motivated by our recent high-performance solution to Poisson Boltzmann calculations (35) we have now tested the influence of the many critical parameters involved. One obvious issue is the exact choice and composition of the boundary between solute and solvent. At first, we have to ensure the numerical stability within the selected level of approximation. In order to address this problem we have carried out PB/BEM calculations on a large sample of different proteins. When using different programs to create the boundary surface and increasing systematically the resolution of these surfaces into small-sized boundary elements, a recommended threshold size of about 0.31Å 2 for the average BE is identified when using program SIMS (29) which showed faster convergence than the well-known Connolly program (18) . Although giving rise to very fine-resolved boundary surfaces, hence large numbers of BEs, this value is close to the corresponding value of 0.4Å 2 frequently advised in Quantum Chemical models (39). As a consequence, even proteins of modest size thus require consideration of vast numbers of BEs (see for example Table I ), and the importance of efficient means of solving the computational problem is underlined again.
After having established the necessary degree of boundary partitioning in the first stage, we performed a systematic comparison against a reference set of dipeptides computed at a high level of Quantum Chemical theory. Consideration of geometric factors revealed that when applying a scaling factor of about 1.07 to AMBER default van der Waals radii, rather good agreement can be reached between the reference geometries and the geometries in the PB/BEM approach. The recommended value of 1.07 is somewhat smaller than a factor found previously (1.12 of ref (34)) and reflects the much finer resolved boundary surfaces used in this present work.
The final step was to compare actual calculations of the polarization free energies to each other. Following previous attempts, we wanted to derive another scaling factor that, when applied to AMBER partial charges, would yield a close match to the reference polarization free energies. The trend visible in Figure 4 indicates that no scaling of the charges is necessary: they are already close to optimal. This is an unexpected -but very welcome -result, as it eliminates potential secondary problems that would emerge with modifying charges. Again, this is another consequence of the much finer resolved boundary surfaces in this present work as opposed to previous results (34) where a scaling factor of 0.9 had been found.
Conclusion
Combined employment of small-sized BEs (≈ 0.3Å 2 on average), slightly increased AMBER van der Waals radii (by a factor of 1.07), and default AMBER partial charges leads to good quality estimates of the polarization free energy, ∆G P ol , for proteins within the PB/BEM framework. 
